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Although it is known that the centrioles play instruc-
tive roles in pericentriolar material (PCM) assembly
and that the PCM is essential for proper centriole for-
mation, the mechanism that governs centriole-PCM
interaction is poorly understood. Here, we show
that ATF5 forms a characteristic 9-fold symmetrical
ring structure in the inner layer of the PCM outfitting
the proximal end of the mother centriole. ATF5 con-
trols the centriole-PCM interaction in a cell-cycle-
and centriole-age-dependent manner. Interaction of
ATF5 with polyglutamylated tubulin (PGT) on the
mother centriole and with PCNT in the PCM renders
ATF5 as a required molecule in mother centriole-
directed PCM accumulation and in PCM-dependent
centriole formation. ATF5 depletion blocks PCM
accumulation at the centrosome and causes frag-
mentation of centrioles, leading to the formation of
multi-polar mitotic spindles and genomic instability.
These data show that ATF5 is an essential structural
protein that is required for the interaction between
the mother centriole and the PCM.
INTRODUCTION
The centrosome is a non-membrane organelle that is the primary
microtubule (MT)-organizing center (MTOC) in animal cells. It
plays an essential role in assuring accurate chromosome segre-
gation during cell division. The centrosome comprises a pair
of centrioles, each of which consists of nine MT triplets that
form a cylinder with a length of about 0.5 mm and a diameter of
0.2 mm, and the surrounding pericentriolar material (PCM),
whose architecture is not well defined (Bornens, 2002; Dzhindz-
hev et al., 2010).580 Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc.The centrosome needs to be duplicated precisely once per
cell cycle. Failure of centrosome duplication can result in mal-
formation of mitotic spindles, causing a variety of genomic in-
stabilities, which contributes to tumor development and a
number of developmental diseases such as ciliopathy, micro-
cephaly, and dwarfism (Bettencourt-Dias et al., 2011; Lon-
carek et al., 2008; Nam et al., 2015; Nigg and Raff, 2009).
Centrosome duplication starts with the disengagement of the
mother and the daughter centrioles at the end of mitosis,
which permits the disengaged centrioles to duplicate in the
following interphase. The duplication of the centrioles and
the accumulation of PCM commence during G1 phase near
the proximal ends of both centrioles. The centrioles elongate
and the PCM increases its size during S and G2 phase,
completing the centrosome duplication cycle. As the centrioles
age during the subsequent cell cycle, the daughter centrioles
acquire distal and subdistal appendages, while the centriolar
MTs are glutamylated at their proximal end (Bornens, 2002;
Cegielska et al., 1998; Kong et al., 2014). The mechanism
and functional significance of centriolar MT glutamylation in
centrosome biogenesis are not well understood.
The centrioles appear to be responsible for organizing the
PCM (Bobinnec et al., 1998; Piel et al., 2000). The PCM consists
of a variety of proteins, including many coiled-coil proteins and
the g-tubulin ring complexes (gTuRCs) that nucleate MTs. The
accumulation of the PCM typically initiates at the proximal end
of the mother centriole and increases in size as cells transverse
from interphase to mitosis (Palazzo et al., 2000). While a growing
list of proteins, including Aurora-A (Hannak et al., 2001), PLK1
(Blagden and Glover, 2003), CDK5RAP2 (Lizarraga et al., 2010;
Megraw et al., 1999), PCNT (Lee and Rhee, 2011; Zimmerman
et al., 2004), SAS-4 (Kirkham et al., 2003; Kohlmaier et al.,
2009), CEP152 (Dzhindzhev et al., 2010; Firat-Karalar et al.,
2014), and SPD2 (Gomez-Ferreria et al., 2007), are found to
participate in the PCM assembly and in centrosome biogenesis,
themolecular architecture of the PCM and themechanisms gov-
erning PCM assembly and centriole biogenesis are not clear.
Figure 1. ATF5 Is a Centrosomal Protein
(A) TAP-purified ATF5-containing protein com-
plexes fromHEK293 cells stably expressing FLAG-
HA-ATF5 (293-FLAG-HA-ATF5) were fractionated
on SDS-PAGE (10%) and visualized by Coomassie
brilliant blue staining. HEK293 stably transfected
with the empty vector (HEK293-pCIN4) was used
as the control.
(B) Immunofluorescence analysis of COS-7 cells at
interphase (top) and mitosis (bottom), stained with
anti-ATF5 (green) and anti-g-tubulin (red) anti-
bodies. DNA was visualized using DAPI (blue). A
pre-immune antiserum control showed no staining
(data not shown). Scale bar, 10 mm. Insets are
about 2.5-fold magnified of the boxed areas.
(C) HeLa cells were transfected with indicated
GFP-tagged ATF5 constructs and immunofluo-
rescence microscopy was performed using anti-
GFP (green) and anti-g-tubulin (red) antibodies.
(D) Cell extracts from HeLa cells transfected as in
(C) (upper panels) or untransfected (lower panels)
were fractionated by sucrose gradient (40%–70%)
centrifugation and analyzed by western blotting
using antibodies against GFP (ATF5), ATF5, and
g-tubulin.
See also Figures S1, S2, and S3.Recent studies using three dimensional structured illustration
microscopy (3D-SIM) have shown some limited structural details
of the PCM, but our understanding in this area remains prelimi-
nary (Lawo et al., 2012; Lukinavicius et al., 2013; Mennella
et al., 2012).
ATF5 is a member of the ATF/CREB family of transcription
factors that has been implicated in diverse biological functions
and diseases, ranging from regulation of cell proliferation, dif-
ferentiation, cell stress response and survival, and viral infec-
tion, to the development of cancer, the olfactory system, and
schizophrenia (Dalton et al., 2013; Greene et al., 2009).
Although ATF5 has been shown to either stimulate or repress
gene transcription through binding of different DNA regulatory
elements such as CRE (cAMP response element) (Angelastro
et al., 2003; Peters et al., 2001), ARE (ATF5 regulatory element)
(Dluzen et al., 2011; Li et al., 2009; Liu et al., 2011), and AARE
(amino acid response element) (Al Sarraj et al., 2005; Yamazaki
et al., 2010), the mechanism by which ATF5 exerts such a wide
range of biological function has not been fully explored (Greene
et al., 2009). Here, we show that ATF5 is an essential PCM pro-
tein that, by interacting with both polyglutamylated tubulin
(PGT) on the mother centriole and with PCNT that is embedded
radially in the PCM, controls the centriole-PCM interaction in a
cell-cycle- and centriole-age-dependent manner. ATF5 deple-
tion blocks PCM accumulation at the centrosome and causes
fragmentation of centrioles, leading to the formation of multi-
polar mitotic spindles and genomic instability. These results
provide the evidence detailing the structural interaction at the
interface between the mother centriole and the PCM and offer
a plausible mechanism by which mother centriole dictates
PCM assembly and the PCM supports centriole formation/
stability.RESULTS
ATF5 Interacts with Multiple Centrosomal Proteins and
Is Enriched at the Centrosome
To identify proteins that interact with ATF5, we created HEK293
and C6 glioma cell lines that expressed dual-tagged FLAG-HA-
ATF5 at physiological levels similar to that of the endogenous
ATF5 (Li et al., 2009; Liu et al., 2012). Mass spectrometry (MS)
analysis of tandem affinity purified (TAP) FLAG-HA-ATF5 immu-
noprecipitates from such cells revealed that ATF5 is associated
with a large number of centrosomal proteins (Figure 1A; Fig-
ure S1). Subsequent coimmunoprecipitation analysis confirmed
that ATF5 interacts with several endogenous or overexpressed
centrosomal proteins, including g-tubulin, a-tubulin, GCP-2,
GCP-4, and PCNT (Figures S2A–S2G). We also found that
ATF5 interacts with centrosome-related proteins EG5, LIS1,
NudE, NudEL, DISC1, and NPM1/B23 (data not shown), the
last two of which were reported previously (Kakiuchi et al.,
2007; Liu et al., 2012; Morris et al., 2003). Immunofluorescence
microscopy, using various types of cells and multiple source of
antibodies, demonstrated that both ectopically expressed and
endogenous ATF5 co-localized at the centrosome with known
centrosomal markers, including g-tubulin, a-tubulin, centrin,
ninein, ODF2, CEP110, PCNT, and GCP2 (Figure 1B; Figures
S3A–S3P). Expression of ATF5 small hairpin RNA (shRNA),
which significantly reduced ATF5 expression (Liu et al., 2011),
abrogated ATF5 staining (Figure S3D). These data show that
ATF5, although recognized as a transcription factor, is a centro-
somal protein.
To determine which region of ATF5 confers its centrosomal
property, we transfected HEK293 cells with DNA constructs ex-
pressing different truncations of ATF5 that are fused with GFP.Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc. 581
Co-immunostaining of GFP with an antibody against g-tubulin
indicated that ATF5(1–281) (full length) and ATF5(148–281)
were localized at the centrosome, whereas, in contrast,
ATF5(208–281) and AzipATF5, which is an ATF5 truncation con-
taining both the DNAbinding domain (DBD) and the basic leucine
zipper (bZip) region but with numerous basic-to-acidic amino
acid replacements that make it more effective in acting as a
dominant-negative mutant of ATF5 for ATF5-dependent gene
transcription (Angelastro et al., 2003; Liu et al., 2011), were ab-
sent from the centrosome (Figures 1C and S3Q). In addition,
WT ATF5 and ATF5(148–281) instead of other ATF5 mutants,
including ATF5(1–254) whose C-terminal half of the bZip region
is deleted and therefore the function of the bZip region is ex-
pected to be destroyed, were consistently shown to interact
with multiple coiled-coil-containing centrosomal proteins such
as GCP-2, GCP-4, and PCNT (Figures S2D–S2G; data not
shown). These data suggest that ATF5 DBD, its upstream pro-
line-rich region, and its downstream bZIP region all contribute
to ATF5 interaction with centrosomal proteins and to ATF5 local-
ization at the centrosome.
ATF5 association with the centrosome was further confirmed
by centrosome sedimentation analysis. Immunoblotting anal-
ysis of samples from sucrose gradient sedimentation showed
that both overexpressed and endogenous ATF5 co-sedimented
with g-tubulin in large protein complexes corresponding to
the centrosome fractions (Figure 1D). Moreover, consistent
with the immunofluorescence analyses, ATF5(208–281) and
AzipATF5 were not found to co-sediment with g-tubulin in the
centrosome fractions (Figure 1D).
Taken together, these results show that ATF5 is a centrosomal
protein. ATF5 DBD, proline-rich region, and bZip region, which is
downstream of the DBD and likely forms a single functional
coiled-coil unit with the DBD, are all required for the centrosomal
property of ATF5. In addition, since AzipATF5 fails to localize to
the centrosome while it is known to be an effective dominant-
negative for ATF5-dependent transcription regulation (Angelas-
tro et al., 2003; Liu et al., 2011), we conclude that overlapping
but distinct regions of ATF5 are responsible for ATF5 interaction
with centrosomal proteins and for ATF5 regulation of gene
transcription.
Dynamic Association of ATF5 with the Centrosome and
the Midbody during the Cell Cycle
COS-7 cells were synchronized at defined cell-cycle phases by
releasing from double thymidine blockade (DTB), and the pres-
ence of ATF5 at the centrosome was monitored by immunofluo-
rescence analysis using antibodies against ATF5 and g-tubulin
(Figure 2A). While the immunofluorescence intensity of g-tubulin
at the centrosome increased about 4-fold fromG1 to metaphase
in a progressive fashion, which is consistent with a previous
observation (Khodjakov and Rieder, 1999), ATF5 staining inten-
sified about 6- to 7-fold during the same period (Figures 2A
and 2B). The intensity of ATF5 immunofluorescence at the
centrosome dropped precipitously to a very low or an undetect-
able level during late telophase and cytokinesis, with a simulta-
neous appearance at the midbody (Figures 2A, 2B, and S3M).
ATF5 accumulation at the centrosome can be blocked by pro-
longed nocodazole treatment (2 mM, 14 hr) (Figures S4A–S4C),582 Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc.implicating MT-dependent mechanism(s) in the ATF5 transpor-
tation process as for a number of other centrosomal proteins
(Purohit et al., 1999; Tynan et al., 2000). On the other hand, tran-
sient exposure to nocodazole (2 mM, 1 hr), which is known to
dislodge centrosome-associatedMTs but leave PCM unscathed
(Stearns et al., 1991), did not remove ATF5 or g-tubulin from the
centrosome (Figures S4D and S4E). Together, these data show
that ATF5 is actively transported to the centrosome and accu-
mulated in the PCM during G1 to M phase via an MT-dependent
mechanism. Moreover, ATF5 translocates from the centrosome
to the midbody during late telophase and cytokinesis similar to
several other centrosomal proteins.
ATF5 Is Localized at a Specific Domain of the Mother
Centrioles
Examination of the centrosomes double stained with ATF5 and
centrin, a distal centriole marker, suggested that ATF5 is en-
riched heavily at the proximal end of one of the two centrioles
(Figure S3L). On the other hand, co-staining of ATF5 with ninein,
a mother centriole marker, revealed an interlocked pattern (Fig-
ure S3M). These data suggested that ATF5 is localized at the
proximal end of the mother centriole. We next performed triple
staining of COS-7 cells with antibodies against ATF5, centrin,
and ODF2 (another mother centriole marker) or ninein. These ex-
periments not only confirmed that ATF5 is enriched at themother
centriole, but also showed clearly that more ATF5 is associated
with the older mother centriole than with the younger mother
centriole (Figures 2C and 2D). Thus, ATF5 accumulation at the
centrosome is in step with the PCM accumulation, which is
known to be more prominent at the older mother centriole than
at the younger mother centriole (Piel et al., 2000). Together,
our data show that ATF5 is accumulated in the PCM at the prox-
imal end of the mother centriole in a cell-cycle- and centriole-
age-dependent manner.
ATF5 Forms a 9-Fold Radially Symmetrical Ring
Outfitting the Proximal End of the Mother Centriole
To explore the ultrastructure of ATF5 in the centrosome, we per-
formed immunoelectron microscopy (EM) on HeLa cells using a
modified indirect labeling approach. After specimens were incu-
bated with the primary ATF5 antibody, a secondary antibody
conjugated with nanogold particles (1.4 nm) was used to locate
the ATF5 antibody. To enhance the signal of the nanogold parti-
cles, which generates weaker but more precise signals in EM im-
aging compared to traditional labeling that uses a secondary
antibody conjugated with 10- to 20-nm gold particles, a silver
enhancement procedure was used (see Experimental Proce-
dures). This allowed us to visualize a robust and continuous
signal that indicates precise ATF5 location in the centrosome.
Figure 3A shows an EM image of a mitotic HeLa cell in which
ATF5 labeled a centriole that is associated with amitotic spindle.
The pattern of ATF5 labeling suggested that ATF5 forms a cylin-
der structure closely outfitting the proximal end of the centriolar
barrel (Figure 3A and inset). Remarkably, cross-sections of
ATF5-labeled centrioles not only confirmed that ATF5 forms a
ring structure circulating the centriole, but also revealed that
the ATF5 rings manifested 9-fold radial symmetry that had a
diameter close to that of the centriole (Figures 3B, 3B0, 3C, and
Figure 2. Cell-Cycle- and Centriole-Age-Dependent Accumulation of ATF5 at the Centrosome
(A) Immunofluorescence analysis of COS-7 cells at different phases of the cell cycle using antibodies against ATF5 (green) and g-tubulin (red). (a) Interphase, (b)
prophase, (c) prometaphase, (d) metaphase, (e) early anaphase, (f) late anaphase, (g) telophase, and (h) cytokinesis. Note that ATF5 appears at the midbody
instead of the centrosome during telophase and cytokinesis.
(B) Quantitative analysis of the intensity of ATF5 and g-tubulin signals at the centrosome during the cell cycle. At least 35 centrosomes (11 for cytokinesis) were
analyzed for each category.
(C and D) Triple staining of HeLa cells with antibodies against ATF5, ODF2, and centrin (C) and ATF5, ninein, and centrin (D). Insets in (A) are about 2.5-fold
magnified, and those in (C and D) are 5-fold magnified.
See also Figure S4.3C0). Measurement of four such independent rings with ImageJ
software showed that the diameter of the inner edge, peak vol-
ume, and the outer edge of the ATF5 ring structure are 218 ±
11, 273 ± 17, and 323 ± 16 nm, respectively (Figure 3D). These
data strongly indicate that ATF5 forms the inner layer of the
PCM that is structurally aligned with the surrounded mother
centriole that is composed of nine sets of parallel MT triplets
and has a diameter of about 200 nm (Bornens, 2002). Since
both the PCM and the procentriole originate from the proximal
end of the mother centriole, our findings thus suggest that
ATF5 may play an essential role in the mother centriole-directed
PCM accumulation and/or in the PCM-dependent centriole for-
mation and maintenance (Figure 3E).
ATF5 Is Required for PCM Accumulation at the
Centrosome
To determine whether ATF5 has a role in PCM accumulation at
the centrosome, we downregulated ATF5 in HeLa cells and
examined the accumulation of PNCT and g-tubulin at the cen-
trosomes by immunofluorescence analysis. As shown in Figures4A and 4B, transient expression of shRNA-ATF5 significantly
reduced the fluorescence intensity of PNCT and g-tubulin in
both S phase and mitotic cells, although the general expression
levels of PNCT and g-tubulin in these cells were unaffected (Fig-
ure 4C). The specificity of the ATF5-knockdown-induced reduc-
tion of PNCT and g-tubulin at the centrosome was supported by
the rescue of the phenotypes in cells that were co-transfected
with a construct expressing an RNAi-resistant rat ATF5 (Figures
4A and 4B). We observed less dramatic reduction in fluores-
cence intensity of PNCT and g-tubulin in cell lines stably ex-
pressing shRNA-ATF5, where downregulation of ATF5 was
less efficient (data not shown), due likely to the adaptation of in-
dividual cell lines. Requirement of ATF5 for PCM accumulation
at the centrosome was further confirmed by direct immunofluo-
rescence staining of isolated centrosomes. In contrast to the
intact centrosomes isolated from the control cells that mani-
fested co-staining of PCNT and centrin, centrosomes isolated
from ATF5-depleted cells showed no PCNT to be associated
with centrin (Figure 4D, compare upper and middle panels).
The fact that centrosomes isolated from ATF5-depleted cellsCell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc. 583
Figure 3. Analysis of ATF5 Distribution at the Centrosome by Immunoelectron Microscopy
(A) Immunoelectron microscopy (EM) of an ATF5-labeled centrosome in a mitotic HeLa cell. The cell is in anaphase in which condensed chromosomes are
connected to the centrosome byMT fibers in the mitotic spindle. The centriole labeled with gold particles was boxed. Inset is a magnified view of the boxed area.
The red star marks the proximal end of the centriole that is more electron transparent. The red arrow points to the centriolar cap that indicates the distal end of the
centriolar barrel. Scale bars, 1 mm in the figure; 200 nm in the inset.
(B) EM of an ATF5-labeled centrosome in an interphase HeLa cell. Both a cross-sectioned centriole and a longitudinally sectioned centriole are visible (boxed).
Magnified view of the boxed area with addition of red lines shows the 9-fold symmetrical arrangement of ATF5 surrounding the centriolar barrel. Note that not all
ATF5 foci are equally represented on the nine-foci wheel, presumably because of the angle of the specimen and possible perturbation during sample preparation.
Scale bars, 0.5 mm in the figure; 100 nm in the inset.
(C) EM of a centrosome in an interphase HeLa cell. Same image with nine foci of ATF5 marked is shown in (C0). Scale bar, 100 nm.
(D) Line profiles of the four ATF5 images in (A)–(C) (two cross-sections and two longitudinal). The lines were draw through selected ATF5 foci that represent the
diameters of the ATF5 ring structure and aligned together to match the center of the ATF5 rings. Inset at the right is a schematic model showing the dimension of
the nine-foci ring structure of ATF5 proportional to the 200-mm diameter of the centriole.
(E) Schematic illustration of ATF5 localization at the mother centriole.resembled those that were treated with high salt (Figure 4D,
compare middle and lower panels), which is known to remove
the PCM from the centrosome (Stearns and Kirschner, 1994),
further supports the conclusion that ATF5 depletion prevent
PCM accumulation at the centrosome. Consistent with this
structural change in the ATF5-depleted centrosomes, which is
expected to be denser than normal PCM-containing centro-
some, we observed that the density of the centrosome in
ATF5-depleted cells was similar to that of the high-salt-treated
centrosome prepared from ATF5-containing control cells, which
was higher than that of the centrosome isolated from the low-
salt-prepared control cells (Figures 4E and 4F). Together, these
data show that ATF5 depletion blocks PCM accumulation at the
centrosome.
ATF5 Downregulation Causes Structural Defects in the
Mother Centriole and Fragmentation of the Daughter
Centriole
We next examined the centrioles in HeLa cells transfected with
shRNA-ATF5 and stained with a centrin antibody. An increase
was observed in the population of the shRNA-ATF5-trans-
fected cells that contained abnormal number (more than four)584 Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc.of centrin foci (Figures 5A and 5B). The increase in cells con-
taining extra centrin foci was more evident when ATF5-
depleted cells were treated with monastrol (Figure 5C), a
known EG5 inhibitor that blocks the separation of centrioles
and the formation of the mitotic spindle. HeLa cell lines stably
expressing shRNA-ATF5 (HeLa-shRNA-ATF5) exhibited similar
although less pronounced effects (data not shown), which is
likely due to the adaptation of individual cell lines. Complemen-
tation of the ATF5-depleted cells with RNAi-resistant rat ATF5
that restored PCM accumulation at the centrosome (Figures
4A and 4B) also rescued the centriole phenotype (Figures
5A–5C). To distinguish whether the multiple centrin foci were
manifestation of disintegrated or split centrioles or duplicated
but unseparated intact centrioles, we examined the ultra-struc-
ture of the centrioles in HeLa-shRNA-ATF5 cells by EM. As
shown in Figure 5D, unlike the well-ordered typical centriole
in HeLa cells expressing a control vector, centrioles (mother
centrioles) in the HeLa-shRNA-ATF5 cells were frequently
smaller in size and thin-walled and lacked a complete set of
MT triplets (Figure 5Dc). Moreover, numerous centriolar frag-
ments that were similar in size, optical density, and architecture
were often observed scattered around one or two defective
Figure 4. ATF5 Depletion Impedes PCM Accumulation at the Centrosome
(A and B) Immunofluorescence analysis of HeLa cells transfected with control shRNA or ATF5shRNA with or without rat ATF5 that is not targeted by the
ATF5shRNA. Representatives of both mitotic cells (upper panels) and interphase cells (lower panels) are shown in (A), and quantitative analysis of the fluores-
cence intensity of g-tubulin (left) and PCNT (right) signals at the centrosome during interphase (S phase) andM phase is presented in (B). At least 50 centrosomes
were analyzed for each category.
(C) Immunoblotting analysis monitoring the expression levels of PCNT and g-tubulin in HeLa cells transfected as in (A).
(D) Centrosome prepared from HeLa cells that were transfected with vector empty (vector) or expressing shRNA against ATF5 (sh-ATF5) and treated with low (0.1
M) or high (0.4 M) NaCl was put on coverslip and immunostained with PCNT and centrin to monitor PCM association with centriole.
(E) Samples prepares as in (D) were subject to sucrose gradient (40%–70%) fractionation and were analyzed by western blotting using antibodies against
g-tubulin.
(F) Relative density of the protein bands corresponding to the fractions in (D). Vector-transfected and low-salt-treated centrosome sample (#3) was arbitrarily set
at 1.centrioles (Figure 5Dd). Together, these data suggest that ATF5
depletion causes various structural defects in the mother
centriole and a failure in daughter centriole assembly.
ATF5 Downregulation Induces Formation of
Multiple-Poled Spindles and Genomic Instabilities
One of the possible consequences of centrosome defects is the
malformation of mitotic spindles during mitosis, which often
cause genomic instability. To examine whether ATF5 depletioncauses malformation of the mitotic spindle, we examined
mitotic HeLa-shRNA-ATF5 cells that were double stained with
antibodies against a-tubulin and centrin. As shown in Figures
6A and 6B, HeLa cells expressing shRNA-ATF5, compared
with vector or ATF5-expressing cell lines, more than doubled
the population of cells that containedmultipolar spindles. More-
over, a dramatic increase in the number of poles was noticed in
those abnormal spindles (Figures 6A and 6C). Consistent with
that ATF5-depletion-induced centriole fragmentation causedCell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc. 585
Figure 5. Downregulation of ATF5 Causes Aberration and Fragmentation of Centrioles, Resulting in the Formation of Multiple Mini-Cen-
trosomes in Cells
(A and B) Fluorescence analysis of HeLa cells stably transfected with a vector empty or expressing ATF5, or shATF5with or without rat ATF5 that is not targeted by
the shATF5 using antibodies against a-tubulin and centrin. Multiple centrosomes as indicated by centrin foci were observed in shATF5-expressing interphase
cells (A) and cells were scored according to the number of centrin foci they contained (B).
(C) Mini-centrosomes were quantified as in (B) except that cells were treated with monastrol (100 mM, 7 hr) before fixing.
(D) EM images of centrosome/centriole in HeLa cells stably transfected with a vector empty (a, a0, and b) or expressing shATF5 (c and d). Image in (a0) is a copy of
(a) except that the centriolar MT triplets were marked. Note that the centriole in (c) appeared smaller, thin-walled, and fractured (marked with arrows), and the
centrioles in (d) were surroundedwithmultiple fragments of centriole that were similar in size and density. Among the 50 centrosomes in shATF5-expressing HeLa
cells that were examined, we found six with characteristic defects as shown in (c) and (d).
See also Figure S5.multipolar spindles, significant higher number of cells were
observed among HeLa-shRNA-ATF5 cells that contained
more than four centrin foci at the poles of the multipolar spindles
(Figure 6D). As a consequence, various forms of genomic insta-
bility including micronuclei and joined nuclei were evident in
HeLa-shRNA-ATF5 cells (Figures 6E and 6F). Co-expression
of the RNAi-resistant rat ATF5 reversed shATF5-induced defor-
mation of mitotic spindles and various genomic instabilities (Fig-
ures 6A–6F).
Overexpression of ATF5 in HeLa Cells Leads to
Exo-centrosomal Aggregation of g-Tubulin and Severe
MT Cytoskeleton Defects
Since homeostasis of certain centrosomal proteins is essential
for centrosome structure and function, we examined whether
ATF5 overexpression causes any structural and/or functional de-
fects in the centrosome and in the MT cytoskeletons. As shown
in Figures S5A–S5C, overexpression of ATF5 in HeLa cells eli-586 Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc.cited significant exo-centrosomal g-tubulin accumulation and
aggregation, which seemed to always occur in the nuclei where
ATF5 concentration was the highest (as judged by fluorescence
intensity). These g-tubulin aggregates seemed unorganized and
dwarfed the centrosomes in size. They became bigger and
denser over time. To see whether the formation of these exo-
centrosomal g-tubulin aggregates is associated with MT cyto-
skeleton deregulation, we examined the MT cytoskeleton
network in ATF5-overexpressing HeLa cells. Indeed, unlike the
sprawling MT network consisting evenly distributed fine fibers
in control cells, ATF5-overexpressing HeLa cells lost most of
the fine MT fibers, leaving the MT cytoskeleton network with
only a few thickened MT fibers (Figures S5D–S5F). Over time,
these thickened MT fibers often further collapsed into a small
round cage or a ball that are indicative of severe MT fiber aggre-
gation (Figure S5F). These data suggest that ATF5 homeostasis
is essential for the function of the centrosome and for the global
MT organization.
Figure 6. ATF5 Depletion Induces Formation of Multiple-Poled Spindles and Genomic Instability
(A–D) Mitotic HeLa cells transfected with indicated constructs were stained with antibodies against a-tubulin (green), centrin (red), and DAPI (blue) (A), and cells
with multipolar spindles (B), cells with abnormal number of poles (C), and the number of centrin foci in multipolar spindles (D) were scored.
(E and F) Genomic instability including nuclear bud and nucleoplasmic bridge/joint nuclei was induced in shATF5-expressing HeLa cells (E), and it was scored (F).
At least 200 cells were counted for each category.
See also Figure S5.ATF5 Binds the Mother Centriole via PGT
Since ATF5 interacts with a- and b-tubulin (Figures S1 and S2B)
and ATF5 accumulation at the centrosome (Figure 2) parallels
with the polyglutamylation process for tubulin at the proximal
end of the mother centriole (Bornens, 2002; Cegielska et al.,
1998; Kong et al., 2014), we wanted to determine whether
ATF5 interacts with PGT and whether this interaction serves a
required role for ATF5 to bind to the proximal end of the mother
centriole. Indeed, co-staining of ATF5 and PGT confirmed their
co-localization at the centrosome and showed remarkable syn-
chrony of the two molecules with regard to cell-cycle progres-
sion and to centriole age (Figure S6A). Immunoblotting with an-
tibodies against a-tubulin and PGT of GFP immunoprecipitates
from HeLa cells transfected with a vector expressing GFP-
ATF5 showed that a significantly larger proportion of PGT is
complexed with ATF5 in spite of the fact that PGT seemed to
be a minor fraction of the total cellular a-tubulin (Figure S6B).
Confirming the strong interaction between ATF5 and PGT,
immunoprecipitation of endogenous PGT readily brought down
endogenous ATF5 (Figure S6C).Consistent with ATF5-PGT interaction mediating ATF5 associ-
ation with the centriole, glutathione S-transferase (GST)-ATF5
fusion protein readily pulled down centriole and GST-ATF5 was
co-sedimentedwith SAS-6, a centriolar protein, in in vitro centro-
some binding assay (Figures 7A and 7B). Moreover, this interac-
tion was abolished when a PGT blocking antibody, which is
known to disrupt centrioles when injected into HeLa cells (Bobin-
nec et al., 1998), was pre-incubatedwith the centriole (Figure 7A).
We also found that ATF5 interacted with acetylated a-tubulin and
co-localized with acetylated a-tubulin at the centrosome (Fig-
ures S6D–S6G). These data indicate that ATF5 interacts strongly
with glutamylated and acetylated tubulins in the centriole and
that PGT-ATF5 interaction mediates ATF5 association with the
mother centriole.
Electrostatic Interaction Contributes to the Strong
Interaction between ATF5 and PGT
To determine which region of ATF5 interacts with PGT, we trans-
fected HeLa cells with DNA constructs expressing different trun-
cations of ATF5 that are fused with GFP. Immunoblotting of PGTCell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc. 587
Figure 7. ATF5 Mediates PGT Association with PCNT the Centriole and ATF5 Is Required for PCNT to Associate with the Centriole
(A) GST pull-down assay showing that ATF5 binds specifically to centriole. Bacterially produced GST-ATF5 was mixed with centriole samples prepared from
high-salt-treated centrosome that were pre-incubated with a PGT blocking antibody (+) or a control antibody (–). SAS-6 was used as a marker for centriole.
(B) GST-ATF5 association with centriole was monitored by sucrose gradient centrifugation.
(C) GST pull-down assay using biotin-labeled PCNT(1341–1920) (Biotin-PCNT) and chemically produced polyglutamate-conjugated tubulin (PG-conjugated
tubulin) and polylysinate-conjugated tubulin (PL-conjugated tubulin).
(D and E) Immunoblotting analyses of immunoprecipitates using indicated antibodies from HeLa cells transfected with a vector empty (control) or expressing
siATF5 (shATF5) showed that ATF5 depletion prevents PCNT association with PGT.
(F) Illustration of the cross-section of the proximal end of the mother centriole, showing the PGT-ATF5-PCNT interaction in the centrosome.
See also Figures S6 and S7.immunoprecipitates with an anti-GFP antibody showed that
ATF5(148–281) and ATF5(1–254), which has the ATF5 C-terminal
half of the bZIP region deleted, but not the other smaller ATF5
fragments retained the ability of the WT ATF5 to interact with
PGT (Figure S7A). These data suggest that the DBD and its up-
stream proline-rich region are important for PGT interaction
while the bZIP region is not required. Thus, ATF5 uses its pro-
line-rich region and DBD to interact with PGT, whereas, in
contrast, ATF5 uses its DBD and bZIP region to interact with
PCNT (cf. Figure S2G with Figure S7A).
Since the ATF5 DBD is packed with over ten positively
charged amino acids and the polyglutamate moieties of PGT
are heavily negatively charged, we hypothesized that electro-
static interaction between the two regions be responsible for
the strong affinity between ATF5 and PGT. In support, both
ATF5(1–281; RK10E) and ATF5(1–254; RK10E), two ATF5 mu-
tants that have ten residues of Lys and Arg in the DBD changed
to Glu, failed to interact with endogenous PGT (Figures S7B and
S7C) and expression of GFP-ATF5(1–281; RK10E) in HeLa cells
in fact dislocate PCNT away from the centrosome (Figure S7D).588 Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc.In vitro GST pull-down assays not only confirmed that ATF5(1–
281; RK10E) no longer interacted with Ethyl-3-[3-dimethylami-
nopropyl]-carbodiimide hydrochloride (EDC)-conjugated poly-
glutamate tubulin (PG-conjugated tubulin) as did ATF5(1–281),
but also showed that ATF5(1–281; RK10E) rather than ATF5(1–
281) interacted with EDC-conjugated polylysinate tubulin (PL-
conjugated tubulin) (Figures S7E–S7I and 7C). These data are
consistent with the notion that electrostatic interaction between
the positively charged amino acids in the ATF5 DBD and the
negatively charged polyglutamate moieties on PGT contributes
to the strong interaction between ATF5 and PGT.
ATF5 Conjoins PGT and PCNT in a PGT-ATF5-PCNT
Tripartite, Promoting Mother Centriole-Directed PCM
Accumulation and PCM-Dependent Centriole Formation
Based on that ATF5 uses its proline-rich region and the electro-
static charges on the DBD to interact with PGT on the centriole
(Figures 7A–7C) and uses its DBD and bZIP region as a single
coiled-coil unit to interact with PCNT (Figure S2G), which lies
radially in the PCM and whose enrichment at the centrosome
is required for PCM accumulation (Zimmerman et al., 2004), we
reasoned that ATF5 may act as an intermediary between PGT
and PCNT, providing an essential connection between the
mother centriole and the PCM. ATF5 depletion may therefore
disrupt the interaction between the mother centriole and the
PCM, which would lead to the observed PCM loss from the
centrosome (Figure 4) and disintegration of the centrioles (Fig-
ure 5). To test this hypothesis, interaction between PGT and
PCNT was examined in ATF5-depleted HeLa cells. As shown
in Figures 7D and 7E, ATF5 depletion significantly weakened
the interaction between PCNT and PGT. Bands densitometry
analysis of three such independent experiments (data not
shown) indicated that ATF5 depletion eliminates over 85% of
the association between PCNT and PGT on average. Confirming
an essential role of ATF5 in the formation of the PGT-ATF5-PCNT
tripartite, in-vitro-produced PCNT was found to be associated
with PG-conjugated tubulin only when GST-ATF5 was present
(Figure S7I). Our in vitro interaction analysis additionally showed
that ATF5(1–281; RK10E), although failed to elicit PCNT associ-
ation with the negatively charged PG-conjugated tubulin, readily
promoted PCNT association with positively charged PL-conju-
gated tubulin (Figure 7C). Taken together, our data support the
conclusion that ATF5, by interacting with both PGT and PCNT,
forms a PGT-ATF5-PCNT tripartite in the centrosome that se-
cures the association between the PCM and the proximal end
of the mother centriole.
DISCUSSION
ATF5 Is a PCM Protein that Controls Centrosome
Biogenesis and MT Cytoskeleton Formation
Using a combination of techniques, we showed that ATF5, a
member of the ATF/CREB family of transcription factors, is a
structural PCM protein that controls the biogenesis and mainte-
nance of the centrosome. Among key observations here are that
ATF5 forms a 9-fold symmetrical ring structure that tightly sur-
rounds the proximal end of the mother centriole and that ATF5
accumulation at the centrosome is both centriole-age- and
cell-cycle-dependent (Figures 2 and 3). Previous studies had
shown that the proximal end of the mother centriole is the initia-
tion site for both PCM assembly and for procentriole biogenesis
with the molecule that controls these processes unidentified.
Based on the temporal and spatial profiles of ATF5 at the centro-
some (Figures 2 and 3), the essential role of ATF5 in PCM accu-
mulation and in centriole biogenesis (Figures 4 and 5), and the
required role of ATF5 in the formation of the PGT-ATF5-PCNT
tripartite that secures centriole-PCM interaction (Figures 7 and
S7), we propose that ATF5 acts as such a critical regulator in
the centrosome.
Although some transcription factors (Cizmecioglu et al., 2010;
Cruciat et al., 2013; Mardin et al., 2011) have previous been re-
ported to be present at the centrosome, ATF5 appears to take
the centrosome as its primary residence and regulate centro-
some and MT cytoskeleton as one of its central functions.
Indeed, endogenous ATF5 is seen more concentrated at the
centrosome than anywhere else in the cell including the nucleus
(Figures 1B, 2, and S3) and interacts with a wide spectrum of
centrosomal proteins (Figures 1A, S1, and S2; data not shown).Notably, ATF5 being a key regulator for the centrosome and the
MT cytoskeleton is well aligned with the broad biological func-
tion of ATF5 in regulating cell proliferation, differentiation, cell
stress response and survival, and viral infection, and with a
role of ATF5 in the development of cancer, the olfactory system,
and schizophrenia (Dalton et al., 2013; Greene et al., 2009). The
spatial and temporal association of ATF5 with the centrosome,
which includes a transient translocation to the midbody during
cytokinesis (Figures 2 and S3M), suggests complicated and
concerted mechanism for ATF5-dependent regulation of the
centrosome and MT cytoskeleton. Additional support for a
broad role of ATF5 in regulation of cytoskeleton comes from
the fact that ATF5 overexpression elicits a completely different
set of centrosome and cytoskeleton defects, including gross
exo-centrosomal aggregation of g-tubulin in the nucleus and
severe deformation of the MT cytoskeleton in a time-dependent
fashion, that do not seem to mirror-image those induced by
ATF5 depletion (Figure S5 versus Figures 5 and 6). Whereas
our current project focused primarily on ATF5 regulation of
centrosome biogenesis and its impact on the mitotic spindle,
we anticipate that additional roles and mechanism of ATF5 in
regulation of the cytoskeleton be likely discovered in the future.
Examples of such important areas include the roles and mech-
anism of ATF5 in the regulation of the midbody and the cytoki-
nesis and in the regulation of MT cytoskeleton in response to
cellular stress.
Formation of PGT-ATF5-PCNT Tripartite Defines the
Interface between the Proximal End of the Mother
Centriole and the PCM
Recent studies have indicated that many PCMproteins are orga-
nized into specific layers that are consistent with amodel that the
PCMproteins form circular structures around the centriole (Lawo
et al., 2012; Lukinavicius et al., 2013; Mennella et al., 2012). Our
work not only shows that ATF5 distribution at the centrosome
conforms with such a model, but also provided direct evidence
showing that ATF5 tightly surrounds the proximal end of the
mother centriole and that ATF5 distribution is imprinted by the
nine-set microtubule triplets of the mother centriole to adopt a
9-fold symmetrical structure (Figure 3). Based on our data that
ATF5 interaction with PGT is responsible for ATF5 interaction
with the centriole and for ATF5-dependent PCNT association
with PGT (Figures 7 and S7), that ATF5 interacts with PCNT
and is required for PCNT and g-tubulin assembly at the centro-
some (Figures S2F, S2G, and 4), and that PCNT lies radially in
the PCM and is known to be required for PCM accumulation
(Lawo et al., 2012; Mennella et al., 2012; Zimmerman et al.,
2004), we propose that ATF5 unites the PCM with the mother
centriole at its proximal end by creating a PGT-ATF5-PCNT
tripartite in the centrosome.
A previous study (Bobinnec et al., 1998) had shown that in-
jection of a PGT antibody into HeLa cells leads to dissipation
of the PCM and disassembly of the centrioles, indicating an
important role for PGT in maintaining the integrity of the centro-
some. Our data showed that ATF5 interaction with PGT is
essential for the attachment of PCM to the proximal end of
the mother centriole and for the maintenance of the integrity
of both the mother and the daughter centrioles (Figures 3, 4,Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc. 589
5, and 7). These data are consistent with PGT-ATF5-PCNT
tripartite being the linchpin between the mother centriole and
the PCM and being essential to maintain the integrity of the
centrioles. Loss of ATF5 deprives PGT interaction with PCNT
and therefore promotes dissipation of the PCM, which destabi-
lizes the centrioles. Our data are therefore not only consistent
with previous claims that PGT (Bobinnec et al., 1998) and
PCNT (Zimmerman et al., 2004) play critical roles for the main-
tenance of the integrity of the centrosome, but also provide a
plausible mechanism by which these molecules work together
to maintain the integrity of the centrioles.
Our study also revealed the mechanism of the protein-protein
interactions within the PGT-ATF5-PCNT tripartite, which, in turn,
explicated the intriguing interaction between the PCM and the
proximal end of the mother centriole. Indeed, our data not only
showed that the ATF5 DBD is critical for the strong interaction
between ATF5 and PGT, but also demonstrated that replace-
ment of ten basic amino acids with ten acidic amino acids in
the DBD converted ATF5 from interaction with negatively
charged PGT to positively charged polylysinate tubulin (PLT)
(Figures S7A–S7C and 7C). These data argue strongly for that
the electrostatic force rather than the exact amino acid
sequence controls the interaction between ATF5 and PGT.
This reasoning may have similar implication for the interaction
between ATF5 and acetylated tubulin (Figures S6D–S6G). The
centriole-age-dependent enrichment of ATF5, and therefore
the PCM, to the mother centriole, is simply the consequence of
the increased negative charge brought about by the polygluta-
mylation of centriolar tubulin that takes place as part of the
centriole maturation process. It is noted that our conclusion for
an electrostatic force to be essential for holding centriole-PCM
together is highly consistent with an earlier discovery that the
PCM can be stripped from centrosome by high salt (Stearns
and Kirschner, 1994), which we confirmed (Figure 4D). On the
other hand, the requirement of the ATF5 DBD and its down-
stream bZIP region, which together form an extended a-helical
coil, to interact with PCNT (Figure S2G), indicates that ATF5
participate in a coiled-coil protein-protein interaction with
PCNT. The ability of ATF5 to participate in coiled-coil protein-
protein interactions will likely make ATF5 a suitable partner for
many other cytoskeleton-related coiled-coil proteins. Simulta-
neous interaction between ATF5 and PGT and between ATF5
and PCNT, i.e., ATF5 is sandwiched between PGT and PCNT
in a PGT-ATF5-PCNT tripartite, can be achieved as long as the
electrostatic interaction between the positively charged ATF5
DBD a helix and PGT and the coiled-coil protein-protein interac-
tion between the ATF5 DBD and PCNT do not interfere with each
other.
In summary, our work sheds new light on the organization of
the PCM, the interaction between the centrioles and the PCM,
and the mechanism for centrosome duplication and mainte-
nance. It reveals a paradigm in which ATF5 exerts its regulatory
function in the biogenesis and maintenance of the centrosome
and in the safeguard of genomic stability. In this regard, the pre-
sent findings will help open up opportunities to understanding
the causes of diverse diseases including cancer andmany forms
of neurodisorders that are associated with malfunction of the
centrosome and the cytoskeleton.590 Cell 162, 580–592, July 30, 2015 ª2015 Elsevier Inc.EXPERIMENTAL PROCEDURES
See the Supplemental Experimental Procedures for detailed experimental
procedures.
Antibodies
Antibodies used for immunofluorescence (IF), immunoblotting (IB), and immu-
noprecipitation (IP) are detailed in the Supplemental Experimental Procedures.
ATF5 hu80–97 and ATF5 hu268–281 are custom antibodies generated by Yen-
Zym using human ATF5 peptides 80–97 and 268–281 as antigens.
Immunofluorescence Staining, Immunoprecipitation, GST
Pull-Down Assay, Immunoblotting, Tandem Affinity Purification,
and Mass Spectrometry
These were performed as previously described (Liu et al., 2011, 2012).
Immunofluorescence Microscopy
Cells grown on poly-L-lysine coated glass coverslips were washed twice
with cold PBS, fixed with 100% cold methanol at20C for 5 min, and rinsed
twice with PBS. Fixed cells were blocked with 2% BSA in PBS at room tem-
perature for 30 min and then incubated with primary antibodies overnight at
4C. After washing, specimens were incubated with Alexa-Fluor-dye-conju-
gated secondary antibodies (Invitrogen) at 1:1,000 dilution at room temper-
ature for 1 hr. DNA was counterstained with Hoechst 33342 (1 mg/ml) for
5 min. Coverslips were mounted with IMMU-MOUNT (Thermo Scientific).
Images were captured using Fluoview FV1000 (Olympus) and analyzed
with ImageJ software. Fluorescence intensity analysis of the antibody-
stained centrosomes and the centrioles was performed using FV-10-
ASW1.7 software.
Electron Microscopy
Immunoelectron microscopy (EM) was performed following a modified pro-
cedure described by Kleylein-Sohn et al. (2007). Use of nanogold immuno-
globulin G (IgG) (1.4 mm; Nanoprobes) and silver enhancement (HQ silver,
Nanoprobes) was critical for the success of this technique. Briefly, HeLa
cells grown on Thermanox coverslips (Electron Microscopy Sciences) were
fixed with 4% paraformaldehyde for 10 min, permeabilized with PBS con-
taining 0.5% Triton X-100 for 3 min, and then blocked with 2% BSA in
PBS for 30 min. Incubation with primary anti-ATF5 antibody was performed
overnight at 4C. After washing three times with PBS at room temperature,
secondary anti-rabbit IgG nanogold (1.4 mm; Nanoprobes) was used at
1:50 dilution at room temperature for 60 min. After washing five times, sam-
ples were subject to silver enhancement for 5–10 min using HQ silver
(Nanoprobes). Cells were then post fixed in 0.1% Osmium in 0.1 M phos-
phate buffer for 30 min and stained with 0.25% uranyl acetate for 30 min,
dehydrated, and embedded in Embed 812 resin (Electron Microscopy Sci-
ences). A diamond knife mounted in a Porter-Blum MT-2B ultra microtome
was used to cut 60- to 90-nm sections. The sections were mounted on
200-mesh copper grids and stained with 2% aqueous uranyl acetate and
lead citrate. Cells were observed under a transmission electron microscope
(JEOL 1400 EM, JEOL).
For regular EM, cells were washed in 0.1 M sodium cacodylate buffer (pH
7.3) and fixed at 4C in 0.1 M sodium cacodylate (pH 7.3) containing 0.5%
glutaraldehyde and 4% paraformaldehyde for 10 min. Following fixation, cells
were washed in 0.1 M sodium cacodylate buffer and post-fixed in buffered 1%
osmium tetroxide-1.5% potassium ferrocyanide overnight at 4C, washed in
0.1 M sodium cacodylate, serially dehydrated in ethanol, and embedded in
EMbed 812 resin. Sample sectioning and mounting are the same as the im-
muno EM procedure described above.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and seven figures and can be found with this article online at http://dx.doi.
org/10.1016/j.cell.2015.06.055.
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